Abstract. -We present the first spontaneous sequence of hydrodynamic instabilities due to the evolution of the convective flow from the rest state toward chaos in an anisotropic fluid : a nematic liquid crystal subjected to an AC electric field. The resulting structures are of decreasing symmetry as the control parameter is gradually increased. The study of the streamlines allows the interpretation of the entire sequence by the evolution of the convective flow up to the onset of chaos. We show that the first important step in the flow evolution is the build up of a second mode of rotation which is associated with a pinching instability of the vortex lines. A simple picture is then proposed in order to describe the essential steps of a possible route to chaos, and which could be extended to other convective systems.
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J. Physique 47 (1986) 595 [1, 2] . On the other hand spatial structures of decreasing symmetry are observed, depending on both the Rayleigh number (the constraint or control parameter related to the temperature gradient) and the Prandtl number [3] [4] [5] [6] . However [7, 8] .
In every case a better description of the evolution [9] . The molecular orientation is controlled by elastic and viscous torques, and is sensitive to external fields.
For instance in a nematic layer subjected to an electric field normal to it, a periodic modulation of the molecular axis can be produced which is then coupled to a convective flow [10] . The [11, 13] . The main step in the evolution to disorder occurs under the form of a pinching instability of the convective rolls. Possible mechanisms will be briefly presented that would describe the structures. Chaos in our fluid corresponds to a disordering of the orientation, and we shall show that it is associated with topological singularities in the orientation field.
Up to the present time, many attempts have been reported that such an anisotropic fluid has been used under an electric field in order to look for and study the possible structures before chaos [12] . However (Fig. 1) [9, 16] that in such a regime the curvature § of the molecular axis is practically constant in time, i.e. the convective flow is also almost constant in time. As [18] .
In our compound the typical cut-off frequency is of order 500 Hz. Close to that limit, new instabilities are observed [13] . Close to D.C., different instabilities are also observed [13] through the core (Fig. 5) . The deformation field of such a defect can be analysed in terms of a mixed-type elasticity (smectic-like) [13, 19] . At low-frequencies the streamlines show a small zone of rotation wx around x (Fig. 5) (Fig. 6a) is a zig-zag composed of rectilinear rolls tilted symmetrically by 0 over y (Fig. 6b) [13, 21] .
In the zig-zag structure the rotations occur mainly in plane normal to the roll axis, i.e. tilted by ± 0 over xOz. The velocity is about twice as larger than in the previous structure, and in addition there exists a very small axial component with opposite sign in neighbouring rolls (the ratio of the tangential versus axial velocities if of 10 to 100). The orientation of the molecules inside the bulk cannot be deduced directly from observation in polarized light. This is due to the adiabatic rotation around z of the polarization vector of the light along the molecular axis. Adiabatic rotation is effective when p.An &#x3E;&#x3E; Åt, where p is the pitch of the torsion of molecular axis, An is the birefringence, Åt is the wavelength of the light. In this case a twist of molecular axis around z will not be detected by the transmitted light. This condition always seems to be fulfilled in our systems, except maybe inside a boundary layer and for strong deformations due to high voltages. However, it is possible to find the average molecular orientation in the bulk by use of the alignment effect of a magnetic field and by comparing the bulk alignment to the surface alignment [13] .
Then we can show that in the bulk the molecules are oriented in a plane close to xOz as in the Normal Rolls structure, and the flow makes an angle 0 with the molecules so that the viscous dissipation is increased (page 158 of Ref. [9] ) (Fig. 7) . A model has been constructed from these observations [21] . It is based upon the fact that above some threshold in the shear, the flow and the molecular axis directions tend to separate.
The effect is re-inforced by a lateral focalization of charges along y, and the torques due to transverse viscous forces. Therefore at its early stage, the deformation of a roll has a sine shape but must change into a rectilinear roll-structure tilted by a constant angle over the molecular orientation. The [22] . Here, the angles 4J (or vz) and 0 can be the relevant coupled parameters. In this analogy the transition to the zig-zag at low frequencies would be first-order-like while it is secondorder-like at high frequencies. Then the intersection at 80 Hz is a triple point with a multicritical character which can also be considered as a Lifshitz point [23] , the zig-zag being the modulated phase. The existence of a direct transition from the rest state to a zig-zag is consistent with the earlier observations of Williams [14] (who never reported on Normal Rolls) and explains why it is impossible to obtain Normal Rolls for low frequencies.
THE DEFECTS IN THE ZIG-ZAG STRUCTURE. -
In this case, the defect is also an extra pair of rolls. However its topology is quite new. Around the core it is unsymmetrical with respect to the roll axis but is rather symmetrical with respect to the y axis. This is consistent with a deformation in which the flow makes an angle ± 0 with the molecular axis kept along x. The deformation field of such a defect is strongly reduced, and these defects act in order to help extending a ± 0 domain at the expense of a + 0 domain [13] .
In conclusion the zig-zag structure is the final conformation of a convective flow resulting from the destabilization of Normal Rolls by a perturbation of the undulation of the wave vector ky. The flow is still normal to the roll axis i.e. it occurs in a plane tilted by ± 0 to the former one (the Normal Rolls Structure). 3 . The periodical pinching (or ((skewed varicose))). (Fig. 8a) . The phase plane of this periodic deformation Fig. 8. -a) The periodical pinching produces in a tilted zig-zag domain a structure similar to the « skew-varicose ». b) The streamlines in the pinched zone show a new rotation mode around the oblique x, axis, and decoupled from the initial wyl rotation mode (as in a dislocation core). c) The typical defect in the varicose structure comes from a fault in the modulation period (one more period is added).
is oblique to the roll axis and in a direction x, close to x. This structure is quite similar to the so-called « skewed-varicose » observed in Rayleigh-B6nard convection [4, 6] . However, it is a stationary state in our system, contrary to Rayleigh-B6nard convection. The transition from the zig-zag state is continuous (direct bifurcation) [13] .
As the voltage is further increased, the pinching increases such that the roll is « split » into cells oriented almost along the roll axis. Then the pinched part tilts, and its direction Xl gets closer to x. The larger part (the cell) also tilts the same way in order to get closer to y.
The streamlines are obtained from the motion of the glass spheres. We find that (Fig. 8b) Hence it appears that the pinching acts to build up a new rotation element at 7c/2 to the former rotation axis. The first consequence is that in the pinched zone, the convection around y 1 is suppressed in a plane parallel to x and passing through the inflexion points of the focal lines. Around these points the vertical velocity decreases to Vz 0. Taking yi as the axis of the tilted roll in the zig-zag phase, the pinching perturbation may be represented as the sum of two elementary modes of perturbation : one of wave vector kyl is an undulation along yi, the second one kxl is a compression-dilation of the roll diameter [6] .
In the tilted roll of the zig-zag structure the molecule makes an angle 0 with respect to x, and the elastic modes involved are a bend mode along x and a splay mode along z. The velocity direction makes an angle 0 with the molecular orientation n. From optical observations we can deduce that in the pinched zones the angle 0 is decreased. This would imply a mode of twist along y (thus explaining the oblique direction for the phase).
It is of some importance to notice that the topology around the pinched zone is strongly similar to that around the core of a low-frequency defect in the Normal Rolls structure where a pinching also occurs [24] . 3 .2 THE DEFECTS. -Two types of defects can be observed in the periodically pinched structure. One is a trapped edge-dislocation which existed in the zig-zag. The second one is more specific and results from a fault of periodicity in the pinching modulation. It appears as the combination of an extra 1/2 period along x and an extra 1/2 period along y (Fig. 8b) , when the pinching is total.
4. The bimodal structure (rectangular cells). [12, 25] . However the flow lines and their formation have never been studied.
Contrary to the two previous structures, it can be observed without special care in usual samples.
Our study of the defects and their interaction with the roll structure allows us to give an explanation for its easy observation [ 13, 24] . As we show it, it is indeed usually easier to produce it by rapid growing of large number of defects, in a way very similar to a martensitic transformation [27] . (Fig. l0a) . These oscillations are periodic in time, of period decreasing as V increases. At the angle (}max the rolls are rectilinear (zig-zag). When 0 decreases, the rolls become more and more pinched. For 0 = 0 the rectangles set in and obviously the diagonal makes the angle 0 with y. Then the oscillation goes on the other way, and the rectangle is unstable. As V is increased, the period decreases, and the size of the oscillating domain also decreases. Finally, at constant voltage, the whole structure stabilizes, after some time (10- b) A defect in the rectangular structure. It is formed from the defect occurring in the modulation of varicose structure (Fig. 8c) .
which can appear well below the rectangular structure.
Therefore one may think of a Normal Rolls structure which fluctuates in space and in time [12] . Such a « state » does not allow the identification of the zigzag and the pinched roll structures. [26] . At the same time the average apparent frequency of the fluctuations is at least one order of magnitude higher ( ~ 100 Hz). This structure extends in space with a very sharp front-edge which has a higher velocity in the y direction. The typical velocity is of 100-200 ym/s. The structure is in fact made of small disclination loops of diameter about 2-5 gm (Fig. 1 lb) and of small thickness. Each loop moves in an erratic way around a fixed position. Decreasing suddenly the voltage to zero shows that these loops are thin nematic wires indicating singularities on distances comparable to some 10 to 100 molecular lengths [9] . For 
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